Abstract
Introduction
Protein homeostasis plays an important role throughout the life of cells. To maintain normal cell metabolisms, both activation/inactivation of critical proteins at appropriate times and sites and the timely removal of unfolded, misfolded or errant proteins are highly important. Protein degradation is a complex process and occurs mainly through two routes: lysosomes and proteasomes. Lysosomes degrade extracellular and transmembrane proteins, and proteasomes are primarily involved in degrading intracellular proteins [1] . The proteasome is a multi-catalytic complex that exists in all eukaryotic cells and functions through the ubiquitin-proteasome system (UPS). During protein degradation, the targeted proteins are first marked by ubiquitin, and the ubiquitinated proteins are recognized by the proteasome and degraded to peptides and free ubiquitin [2] . Substrates of the UPS include damaged or misfolded proteins and various regulatory proteins that have multiple functions in physiological and pathophysiological cellular processes, such as cell growth, apoptosis and neoplastic growth [3] . Malignant cells, which are characterized by rapid proliferation and an aberrant response to apoptosis, are assumed to require more proteasomes than normal cells for protein homeostasis to sustain their efficient biological activities [4] [5] [6] .
In view of aberrant proteasome expression, proteasome inhibition has emerged as an attractive oncotherapy method. Empirical findings have indicated that tumour cells are more sensitive to proteasome inhibition than normal cells [7, 8] . For example, proteasome inhibitors induce apoptosis significantly in human chronic lymphocytic leukaemia [4] , oral squamous cell carcinoma [9] , human multiple myeloma [7] and human PC-3 prostate tumour cells [10] compared with their corresponding non-cancerous cells. The inhibition of proteasomes insulates their substrates from degradation, and the accumulation of these substrates can jeopardize cell function and even survival, particularly in malignant cells, and disturb the abnormal vigorous growth regulatory framework, ultimately inducing apoptosis [3, 11, 12] . Although diverse mechanisms have been reported, much remains to be learned about the exact sequence of events and how these events are specific to a certain inhibitor or tumour type.
Osteosarcoma (OS), the most common primary malignancy of the bone, is prevalent mostly in adolescents and children and is notorious for distal metastasis. Almost 80% of the patients will develop or already have radio-graphically undetectable micro-metastases. Unfortunately once a metastasis has been detected, the disease is likely to relapse. With surgical resection and chemo-and radio-therapy for non-metastatic patients, 5-year survival is 60%-70%; however for patients who present with metastatic disease or whose tumour recurs, outcomes are far worse with <30% and <20% survival respectively [13] [14] [15] . Due to these poor outcomes and increasing drug resistance and toxic side effects of chemotherapy in the treatment of OS, more efficient therapeutic approaches are urgently needed.
MLN9708 is an investigational small-molecule proteasome inhibitor that is currently being evaluated in multiple phase I clinical studies. As an orally bioavailable agent, MLN9708 is a citrate ester that is immediately hydrolysed to its biologically active form -MLN2238, upon exposure to aqueous solutions or plasma [8] . MLN2238 has an improved pharmacokinetic and pharmacodynamic profile and a shorter proteasome dissociation half-life than previous proteasome inhibitors, thus, MLN2238 exhibits greater distribution and greater effects in tumour tissue than in the blood [8, 16] . Few systematic studies of proteasome inhibitor treatment for OS have been reported, particularly treatment involving MLN9708/2238. In this study, we used two OS cell lines, MG-63 and Saos-2 (deficient in P53 and Rb), to investigate the possible molecular mechanisms involved in the antitumour effects of MLN2238 in vitro. We determined that MLN2238 functioned well in the two cell lines with respect to its antitumour effects, including growth inhibition, cell cycle arrest, and apoptosis. More importantly, MLN2238 attenuated OS cell invasion abilities with decreased expression and exocytosis of MMP2/9. These findings suggest that the proteasome inhibitor MLN9708/2238 may be an attractive anticancer agent for OS.
Reagents and antibodies MLN9708 was purchased from Millennium Pharmaceuticals, Inc. (Cambridge, MA, USA). Antibodies used were Caspase3/8/9 (9662/9746/9502), PARP (9542), MMP2/9 (4022/3852), APAF-1 (5088), BCL-2 (2872), Rb (9309), BID (2002) and COX IV (4844; all from Cell Signalling Technology; Beverly, MA, USA); P53 (ab1101), P21 (ab109199), BAX (ab32503), BAD (ab32445), p-BAD (Ser136, ab28824), P-CHK1 (Ser345, ab58567), Cytc (ab13575), Smac (ab32023) and OMI (ab75982; all from Abcam; Cambridge, UK); CDK1 (A0220) and p-CDK1 (Tyr15, AP0016; both from Abclonal; Woburn, MA, USA); WEE1 (sc-5285), E2F1 (sc-137059), XIAP (sc-55550), NOXA (sc-56169) and PUMA (sc-374223; all from Santa Cruz Biotechnology; Eugene, OR, USA); Actin (PR-0255; ZSGB-BIO, Beijing, China); Tubulin (AT819; Beyotime, China). DMSO was obtained from Sigma-Aldrich (St. Louis, MO, USA) and MTT was obtained from Amresco (Solon, OH, USA).
Cell proliferation assays
Cell viability was assessed using the MTT assay. Cells were trypsinized and seeded in 96-well plate at 5000 cells per well. Cells were treated with MLN2238 or DMSO in basal medium at the indicated doses and times, as shown in the Figures and/or corresponding Figure legends. Cell viability was determined relative to control cells treated with vehicle alone.
Flow cytometric analysis
For apoptosis assays, the cells were treated with MLN2238 and DMSO at the indicated doses for 24h. The cells were collected and washed three times with cold PBS, and then resuspended in binding buffer. Next, the cells were stained with Annexin V-FITC/PI (BD Pharmingen™) in the dark at room temperature for 15min, followed by analyzed using a fluorescence-activated cell-sorting (FACS) flow cytometer (BD Pharmingen™, USA). Apoptotic cells were evaluated based on PI and Annexin V positive cells. For cell cycle analysis, cells were harvested and washed with buffer solution three times at room temperature. Next, the supernatant was removed, and the cells were incubated with solution A and B sequentially for 10min at room temperature, followed by incubation with solution C (PI) for 10min in the dark at 4°C and analysed using a flow cytometer (BD Pharmingen™, USA). The apoptosis and cell cycle data were analysed using FlowJo V10 and ModiFit LT 4.1 software, respectively.
Western blot analysis
The cells were lysed with RIPA buffer containing 1% protease inhibitor, and the total cell lysates were sonicated for 15s. The supernatants were collected after centrifugation at 13,500g for 15min at 4°C, and then the protein concentrations were determined with a BCA Protein Assay Kit (Beyotime, China). The proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. After blocking with 5% non-fat milk for 2 h at room temperature, the membranes were incubated with the primary antibodies described above over night at 4°C. Next, the appropriate secondary antibody conjugated with horseradish peroxidase (goat anti-rabbit or goat anti-mouse antibodies; ZSGB-BIO, Beijing, China) and enhanced chemiluminescence substrate (Thermo, Biotechnology, Germany) were used to visualize the protein bands. The films were scanned using the Epson Perfection V300 Scanner (EPSON), and the intensity of each band was quantified by densitometry analysis using Image-Pro Plus 4.5 software.
Subcellular fractionation and western blot analyses
Subcellular fractions were obtained as described by Liu et al and Wu et al [17, 18] . Mitochondrial and cytoplasmic proteins were obtained using a mitochondrial isolation kit for cultured cells (Abcam, ab110170). Briefly, according to the manufacturer's protocol, the cells treated with MLN2238 and DMSO at the indicated time points and doses, were collected and centrifuged at 1000g for 5min. cells were resuspended in reagent A at 5mg/ml and incubated on ice for 10min. Cell suspension were then homogenized on ice and centrifuged at 1000g for 10min at 4°C to remove nuclei and unbroken cells. The supernatant (supernatant 1) was retained. The pellet was resuspended in reagent B, homogenized and centrifuged again as above, and the supernatant (supernatant 2) was retained. Supernatants 1 and 2 were combined, mixed thoroughly, and centrifuged at 12,000g for 15min at 4°C to isolate the cytosolic (supernatant) and mitochondrial (deposition) fractions. The cytosolic and mitochondrial fractions were dissolved in lysis buffer and proteins were subjected to western blotting as described above.
In vitro invasion assays
Invasion analysis was performed using the BD BioCoat Fluoroblok Tumor Invasion System (BD Biosciences), which characterized by a light-tight polyethylene terephthalate membrane with 8μm pores and coated with reconstituted basement membrane gel. Invasion assays were performed according to the manufacturer's instructions. Briefly, 1.0×10 5 cells were seeded into the upper chamber with 500μL serumfree medium, and then 750μL 20% FBS-enriched medium was added to the basal chamber as a chemoattractant for cell invasion. After incubation for 12h, cells were treated with MLN2238 and DMSO (vehicle) for 24h. Cells that invaded through the Matrigel were labeled with 4 μg/mL Calcein AM (BD Biosciences) in HBSS and Incubated for 1h at 37°C in 5% CO 2 . As a bottom-reading fluorescent plate reader device is not available in our laboratory, the results were evaluated by counting the number of cells that adhered to the lower surface of the membrane under an inverted fluorescence microscope (IX73, Olympus). The number of invaded cells was counted in six random fields.
Data analysis
Data analysis was performed using GraphPad Prism software (version 5) and the results were presented as mean±SD. Significance was determined using Student's t test or one-way ANOVA, followed by the Holm-Sidak post-test. P < 0.05 was considered significant.
Results

MLN2238 treatment inhibits growth and promotes apoptosis of human osteosarcoma cells
We assessed the effects of various doses of MLN2238 on the viability of OS cells (MG-63 and Saos-2) using the MTT assay. As shown in Fig. 1A , MLN2238 inhibited the cell growth of both cell lines effectively in a time-and dose-dependent manner (n=5, P< 0.05). By contrast, MLN2238 exhibited much lower cytotoxicity against normal osteoblast cells (hFOB1.19), even when administered at the maximum dose of 3.20µM for up to 48h, suggesting a favourable therapeutic index(n=5, P< 0.05). The 50% growth inhibition (IC50; n=3, P< 0.05) values of MG-63 and Saos-2 with the specific treatment times are shown in Fig. 1B . In addition, the growth inhibition caused by MLN2238 is partially attributable to apoptosis, as evidenced by the significant increase in the Annexin V 
MLN2238 treatment disturbs cell cycle progression
To further detect growth inhibition by MLN2238, cell cycle progression was investigated by propidium iodide staining and FACS analysis. MG-63 and Saos-2 cells were treated with MLN2238 at the indicated doses for 6h, 12h and 24h separately. The MG-63 and Saos-2 cells exhibited progressive accumulation in S and G2/M phases corresponding to a decrease in G1, indicating an S and G2/M cell cycle arrest. Notably, cell cycle arrest did not initiate until the 12h time point and progressed dramatically up to 24h ( Fig. 2A; n=3) . Moreover, as understand the mechanism of cell cycle arrest caused by MLN2238, cell cycle regulatory molecules were analysed at 12h and 24h (Fig. 2C ). In accordance with the above results, a time-dependent increases in P21, p-Chk1 (p-Ser345), WEE1 and p-CDK1 (p-Y15) protein A and B, The cell cycle distribution of both cell lines did not show significant changes after 6h of treatment; after 12h of treatment, MG-63 cells showed a nearly two-fold increase in the S-G2/M transition, whereas Saos-2 cells exhibited a difference in the G1-S transition; at 24h, both cell lines were arrested in S and G2/M phases compared with the control groups. The results are representative of three independent experiments. C, MG-63 and Saso-2 cells were treated with MLN2238 at the above doses for 12h and 24h and were then harvested; whole-cell lysates were subjected to western blot analysis to detect the protein levels of P53, p21, p-Chk1 (Ser345), WEE1, CDK1 (total), p-Y15-CDK1, Rb, E2F1 and APAF1. *: nonspecific band. The blots shown in the figure are representative of 3 independent experiments. Actin was monitored to control for equal loading. levels were observed in both cell lines and the ratio of p-Y15-CDK1/CDK1 (total) presented an increased tendency over time (n=3, P< 0.05). Moreover, MLN2238 up regulated the protein levels of P53 (MG-63 only), E2F1 and apoptotic protease activating factor 1 (APAF-1) significantly, and Rb levels decreased slightly over time in MG-63 cells but not in Saos-2 which are Rb null ( Fig. 2C ; n=3, P< 0.05). Together, these results suggeste that the dysregulation of cell cycle regulators by MLN2238 might contribute to the observed cell cycle arrest.
MLN 2238 treatment induces caspase activation
Next, we determined the effects of MLN2238 on the activation of caspases in MG-63 and Saos-2 cells. Treatment with MLN2238 at the indicated concentrations for 24h caused a significant dose-dependent increase in the proteolytic cleavage of caspase-3, caspase-8, caspase-9 and PARP, as indicated by the appearance of cleaved forms of these proteins ( Fig.  3A; n=3, P< 0.05). Caspase inhibitors were used to further detect the effects of MLN2238. As shown in Fig. 3B , incubation with the pan-caspase inhibitor (Z-VAD-FMK) notably abrogated the apoptosis induced by MLN2238 in both cell lines, whereas the inhibitors of caspase8 (IETD-FMK) and caspase9 (LEHD-FMK) equally but not completely attenuated the cytotoxicity of MLN2238 (n=3, P< 0.05). These results suggest that MLN2238 induces apoptosis mainly through the caspases pathway and requires the activation of both caspase8 and caspase9.
Effects of MLN2238 treatment on mitochondrial outer membrane permeabilization (MOMP)
To further characterize the mechanism of apoptosis induced by MLN2238 treatment, we determined the expression of BCL-2 family proteins that control mitochondrial outer membrane permeabilization (MOMP). First, we performed a time-course analysis to examine the expression levels of BAX and BCL-2, which are two key regulators of MOMP. As shown in Fig. 4A , over time, the levels of BAX increased moderately in both cell lines, whereas the and cytoplasm (Cyto) fractions were obtained as described in methods, and then subjected to western blot analysis with Cytc, Smac and OMI antibodies; and additionally, the Cyto fractions were subjected to western blot to detect the protein levels of XIAP. Actin was monitored for cytoplasm fractions to control for equal loading and COX IV for mitochondria fractions was used. B, MG-63 and Saos-2 cells were treated as in A and then harvested. Whole-cell lysates were subjected to western blot analysis with PARP antibody. FL: full length; CF: cleaved fragment. Actin was monitored to control for equal loading. Blots shown in the figure are representative of 3 independent experiments. levels of BCL-2 decreased markedly. In the presence of antagonistic factors of the regulation of MOMP, the relative expression ratio of BAX/BCL-2 increased significantly over time ( Fig.  4A; n=3 ; *P< 0.05; **P< 0.01; ***P<0.001). Additionally, as shown in Fig. 4B , MLN2238 induced the activation of BID, as indicated by the detection of t-Bid, and decreased p-BAD significantly in a dose-dependent manner (n=3, P< 0.05). Additionally, P53 and NOXA were up-regulated markedly in MG-63 cells (n=3, P< 0.05), whereas PUMA (n=3, P>0.05) showed no significantly changes.
Secondly, MOMP was evaluated by detecting leaked proteins from the mitochondria to cytosol. Cells were cultured with MLN2238 for 12h, 18h or 24h and then processed to obtain the cytosolic (Cyto) and mitochondrial (Mito) fractions. The extracts were then analysed by Western blotting to detect the cytochrome c (Cytc), Smac and OMI which are released from the mitochondria to the cytosol after MOMP. As shown in Fig. 5A , MLN2238 caused a remarkable decrease in Cytc, Smac and OMI in the mitochondria, with concurrent accumulation in the cytosol over time (n=3, P< 0.05), indicating the leakage of the proteins from the mitochondria to the cytosol. Moreover, in the cytosolic fractions MLN2238 decreased the levels of X-linked inhibitor of apoptosis protein (XIAP) notably in a time dependent manner ( Fig. 5; n=3 , P< 0.05). PARP was further studied in whole cell lysates treated as above. As shown in Fig. 5B , the cleaved form of PARP exhibited a trend nearly identical to that of the leaked proteins above, except at 12h (n=3, P< 0.05). In summary, MLN2238 triggered MOMP and subsequently induced the release of pro-apoptotic proteins. 
MLN2238 treatment inhibits the cellular invasion ability of OS cells
To determine the effects of MLN2238 on cell invasion in OS, we performed cell invasion assays using MG-63 and Saos-2 cells. As shown in Fig. 6A , after 24h of treatment with MLN2238 at the indicated doses, invaded cells were reduced notably in a dose-dependent manner in both cell lines compared with the number of cells in the control group (n=3; **P< 0.01; *** P< 0.001). We also assessed the matrix metalloproteinases-MMP-2/9, which are presumed to be particularly important for tumor invasion [19] . As illustrated in Fig. 6B , MLN2238 treatment significantly reduced both the expression levels of MMP-2/9 in the cell lysates and secretion quantities in the culture medium (n=3, P< 0.05). Taken together, these results suggest that MLN2238 remarkably attenuates the invasion ability of OS cells in vitro.
Discussion
Protein metabolism plays a crucial role in the maintenance of cell functions. Cellular processes, including cell growth, differentiation, function and death, are normally controlled by regulatory proteins. The orderly degradation of proteins is critical for cellular processes, including which, when and where proteins are degraded [20] . Proteasomes are the principal apparatus for intracellular protein degradation. Malignant cells are characterized either by aberrant cellular proliferation or resistance to apoptosis. For viability, tumour cells with a rapid proliferation rate may require more proteasomes to remove damaged or misfolded proteins, the accumulation of which might induce apoptosis [3, 6] . The inhibition of proteasome activity may reverse or disturb the already abnormal regulatory pathways that contribute significantly to the immortality of tumour cells [11, 12, 20] . Empirical researches have demonstrated that the inhibition of the proteasome can induce apoptosis in various tumour cells through multiple mechanisms, but these studies have not included OS. This report has demonstrated that the proteasome inhibitor MLN2238 not only inhibits the proliferation and induces the apoptosis of OS cell lines, but also attenuates the invasion ability of OS cells in vitro, which is a key reason for the high mortality associated with OS.
In this study, we showed that MLN2238 effectively inhibits the proliferation of OS cells, as assessed by the MTT assay. The growth inhibition of both cell lines induced by MLN2238 occurred in a dose-and time-dependent manner. Notably, Saos-2 cells exhibited weak sensitivity compared with MG-63 to MLN2238-induced cytotoxicity at the same dose or treatment time, discrepancy that may be ascribed to their different genetic background or living features as two different cell lines. Significantly, MLN2238 effectively inhibits the cell viability and induces apoptosis in both MG-63 and Saos-2 cells in a favourable therapeutic index compared with normal cells (Fig. 1A) . As reported, UPS plays an important role in regulating the degradation of P53 [21] , which consistent with our study that proteasome inhibitor MLN2238 effectively induced the accumulation of P53 levels in MG-63 cells (Fig.  2C, Fig. 3B ). As a tumour suppression factor, P53 can enhance apoptosis levels greatly in cancer therapy compared with P53 null cells [22] ; However, P53 seems to be not essential for the apoptosis induced by MLN2238 in our study, as evidenced by the apparent growth inhibition of Saos-2 (P53 null) induced by MLN2238. Interestingly, at a lower dose of MLN2238 (0.20µM) for 12h, both cell lines exhibited increased cell viability compared with the DMSO (vehicle) treatment. A similar study also reported that proteasome inhibitor is pro-or anti-apoptosis manner depending on the concentration utilized, i.e., a low dose abrogates apoptosis, whereas a high dose induces apoptosis [23] . Further studies of the biphasic effects of MLN2238 on apoptosis are warranted.
Cell cycle arrest was observed in both cell lines treated with MLN2238 and possibly contributed to the growth inhibition. Although most studies of the up-regulation of P53 and P21 have focused on blocking the G1-S transition, our results are consistent with several previous observations that P53 and P21 play important roles in blocking the G2/M transition [10, 24] . P53 mediated G2/M arrest is mainly through the up-regulation of P21. P21 inhibits cell cycle progression by binding to cyclin/CDK complexes and weakens their activities. Moreover, as reported, the induction of P21 is regulated through both P53-dependent and P53-independent pathways, which means P53 is a major transcriptional regulator of p21 but not sole [25, 26] . Our observation is consistent with that view that the proteasome inhibitor MLN2238 increased the expression levels of P21 in both MG-63 and Saos-2 (P53 null) cells (Fig. 2C) . The G2-M transition is governed by the cyclinB1/CDK1 complex directly, and phosphorylation at threonine 14 and tyrosine 15 of CDK1 maintains the complex in an inactive form, thus blocking entry into mitosis [27] . To enter mitosis, the above sites of CDK1 must be dephosphorylated by CDC25 phosphatase to activate the cyclinB1/CDK1 complex. When DNA damage occurs, CHK1 can be activated by phosphorylating on serine 345 (S345). Then, p-CHK1 keeps CDC25 being in an inactivated state by phosphorylating it, thus blocks the G2-M transition by keeping CDK1 being in phosphorylation state indirectly; and WEE1 can phosphorylate CDK1 directly at Tyr15 to inhibit the G2-M transition [27, 28, 29] . Moreover, P53 null cells, which are lacking P53 and exhibited attenuated P21 function, are more reliant on CHK1 and WEE1 to restrain CDK1 in blocking the G2-M transition [30] , consistent with our results that MLN2238 treatment caused G2/M arrest accompanied with increased expression of CHK1 and WEE1 in MG-63 cells and, more apparently in Saos-2 cells (Fig. 2C) . At 12h of treatment, MG-63 and Saos-2 cells exhibited the initiation of cycle arrest in G2/M and S phases, respectively. This discrepancy in phase might be attributable to the enhanced expression of E2F1 and Rb status (Fig. 2C) , both of which are key effectors regulating the transition of G1 to S. E2F1 promotes the G1-S transition, whereas Rb inhibits this activity [29] . The Rb-null status of Saos-2 cells appeared to enhance the induction of the G1-S transition by the up-regulation of E2F1 compared with MG-63 cells (Fig. 2B) . The Rb levels in MG-63 cells were not significantly decreased at 12h compared with the control, potentially indicating maintenance of the ability to inhibit the G1-S transition. The marked decrease in Rb, and the accumulation of E2F1 and negative regulators of G2/M over time accompanied with the arrest of both cells types in S and G2/M phases (Fig. 2C) . In summary, the proteasome inhibitor MLN2238 induced MG-63 and Saos-2 cell cycle arrest in S and G2/M phases via increased expression of E2F1 and G2/M transition-negative keepers (CHK1, WEE1 and p-Y15-CDK1).
The deregulation of the Rb-E2F pathway by the inhibition of Rb or E2F1 overexpression, can initiate apoptosis by enhancing the activation of caspases [31] . The increased expression levels of E2F1 induced by MLN2238 in our study were apparent; moreover, as described above, E2F1 also functioned as a key keeper of the G1-S transition. In combination with the S phase arrest observed in this study, these results indicated that E2F1 might function both in the cell cycle regulation and induction of apoptosis by MLN2238, thus coupling cell cycle arrest and apoptosis progression consistent with a previous report [32] .
APAF-1, a weakly expressed factor in the intrinsic apoptosis pathway, plays a role in apoptosis by forming the apoptosome with cytochrome c and pro-caspase9, which, is a caspase activation platform that can cleave pro-caspase9, triggering the intrinsic apoptotic pathway. APAF-1 is assumed to be a limiting factor in the apoptosis pathway [33] . In the present study, MLN2238 induced the up-regulation of APAF-1, which favoured the initiation of apoptosis. Moreover, APAF-1 can be up regulated by E2F1 too [32, 33] .
We further confirmed that MLN2238 induced the apoptosis of OS cells, as assessed by apoptosis assays using Flow cytometric, and cleaved caspase3 and PARP levels. The cleavage of caspase3 and PARP is a signature event and indicator of apoptosis. In mammalian cells, apoptosis mainly occurs via two pathways, the extrinsic and intrinsic pathway, both of which converge to activate the apoptosis executioner caspase3 [34] . Caspase8 is a key element for the activation of both pathways; when activated, it initiates apoptosis via two mechanisms. First, activated caspase8 cleaves and activates caspase3, leading to cellular demise (the extrinsic pathway). Second, activated caspase8 cleaves Bid, a BH3-only pro-apoptotic protein in the BCL-2 family, to its truncated form t-Bid, which binds to BAX and BAK, triggering MOMP and the intrinsic apoptotic pathway. The latter includes the activation of caspase9, which then cleaves caspase3, leading to apoptosis. The intrinsic pathway is only partially activated by caspase8 and occurs mainly through the initiation of MOMP triggered by the pro-apoptotic proteins of the BCL-2 family [35] . In the present study, MLN2238 induced the activation of both caspase8 and caspase9, indicating that MLN2238 induces apoptosis in OS cells via crosstalk between the extrinsic and intrinsic pathways [34] . This conclusion was further supported in experiments using inhibitors of caspase8 and caspase9. Moreover, the apoptosis of OS cells induced by MLN2238 occurred mainly through the caspase-dependent pathway, because the pan-caspase inhibitor (Z-VAD-FMK) nearly abrogated apoptosis.
MOMP, which causes the release of pro-apoptotic proteins located in the mitochondrial intermembrane space, is considered a fundamental event in the initiation of intrinsic apoptosis. MOMP is highly regulated by the pro-apoptotic (e.g. BAX, BAK, BID, PUMA, and NOXA) and anti-apoptotic (e.g., BCL-2, BCL-xL) members of the B cell lymphoma 2 family and is triggered mainly through the activation of BAX and/or BAK because cells lacking both fail to undergo MOMP [36] . There are two pathways for the activation of BAX/BAK: the indirect activator pathway and the direct activator-derepressor pathway. In the indirect pathway, BAX and BAK are in a constitutively active state; but are limited and sequestered by anti-apoptotic proteins (e.g., BCL-2); pro-apoptotic proteins (e.g., BID, PUMA and BAD) can release BAX and BAK by inhibiting or binding to the BCL-2 protein. In the direct activator-derepressor pathway, BAX and BAK can be activated directly by the interaction of pro-apoptotic proteins (e.g., t-Bid and PUMA); anti-apoptotic proteins prevent their activation either by directly inhibiting or sequestering the pro-apoptotic proteins. In addition, pro-apoptotic proteins that cannot directly activate BAX and BAK can neutralize anti-apoptotic proteins to facilitate the activation of BAX and BAK [37] . The accumulation of BAX can also overcome the survival effect of BCL-2 [38] . BCL-2, a mainly anti-apoptotic protein, is up-regulated in various cancers, hindering cell death or promoting drug resistance in malignant cells [39] . Furthermore, the overexpression of BCL-2 can prevent the initiation of MOMP under cellular stress [37, 40] . As shown in this study, MLN2238 significantly decreased the levels of BCL-2, and elevated the pro-apoptotic 'effector' molecule BAX. The relative expression of these two key antagonistic factors to MOMP, as assessed by the BAX/BCL-2 ratio, increased significantly over time after MLN2238 treatment, and the balance was shifted in the pro-apoptosis direction, contributing to MOMP and mitochondria-mediated apoptosis. NOXA and PUMA are two modulators of apoptosis regulated by P53 [41, 42] , and P53 and NOXA, but not PUMA, were increased notably. T-BID, a truncated form of Bid cleaved by activated caspase-8 (Fig. 3A) that is thought to be a key regulator of MOMP by directly activating of BAX and BAK [43] , was also detected in the present study. BAD is a pro-apoptotic protein of the BCL-2 family that promotes apoptosis by liberating BAX from BCL-2/BCL-xL, and phosphorylation of BAD can prevent its pro-apoptotic function [37, 44] . MLN2238 treatment decreased p-BAD, suggesting the enhancement of BAD. Taken together, these results suggest that the effects of MLN2238 on MOMP involve not only the effector factors-BAX and BCL-2, but also assistant factors in OS cells even in cells deficient in P53 (Saos-2).
The shifted balance between pro-and anti-apoptotic proteins ultimately leads to MOMP upon treatment with MLN2238, as indicated by the detection of the release of Cytc, Smac and OMI from mitochondria to the cytoplasm. The accumulation of Cytc (Fig. 5A ) in the cytoplasm accompanied by pro-caspase9 (Fig. 3A) and APAF-1 (Fig. 2C) forms apoptosome, which triggers the intrinsic apoptotic pathway [35] . XIAP, an inhibitor of caspase3/7/9, suppresses apoptosis at the final juncture by inhibiting the activity of cleaved caspases through direct binding. We observed a decrease in XIAP levels in the cytosolic fractions after MLN2238 treatment, similar to a previous finding that the proteasome inhibitor rapidly diminished cytoplasmic XIAP in tumour cells and accelerated apoptosis [45] . Moreover, we further detected the leakage of Smac and OMI from the mitochondria to the cytoplasm upon MLN2238 treatment. Smac and OMI, which are considered secondary mitochondria-derived activators of caspase, bind to IAPs directly and prevent their interactions with caspases, thus counteracting their inhibition effects on caspases, particularly for XIAP [46] . Smac and OMI are both normally located in the intermembrane space of the mitochondria and are released simultaneously with cytochrome c from the mitochondria during apoptosis [35] . Considerable accumulation of Cytc, Smac and OMI in the cytoplasm was observed as early as 12h in the present study, but did not lead to induction of apoptosis as shown by the MTT assay and PARP time-course analysis. At 12h of treatment, the viability of both cell lines treated with MLN2238 was nearly as high as that of the control groups, and cleaved PARP was barely detectable, indicating few apoptotic events. These observations might be attributable to the antagonism effects of XIAP on caspases; the levels of XIAP at 12h were still sufficient to combat the MOMP-induced caspase cascade effect. Over time, the decreased expression of XIAP and enforced MOMP effects ultimately led to cell apoptosis. Moreover, the rapid triggering of MOMP and sustained accumulation of pro-apoptotic proteins (e.g. P53/ BAX/Cyto-c/Smac) was confirmed to be the initiation event rather than the result of cell death.
Active metastasis contributes to the poor survival and high mortality of OS. In the present study, we determined that MLN2238 suppresses the invasion ability of OS cells in vitro effectively, as demonstrated by Transwell assays. To reveal the potential molecular mechanism, we explored matrix metalloproteinase factors, which regulate tumour metastasis, particularly MMP2 and MMP9 [47, 48] . MLN2238 significantly reduced the expression levels of MMP2/9 in total cell lysates, indicating decreased endogenous expression upon MLN2238 treatment. As two exocrine proteins, MMP2 and MMP9 exert their invasion function extracellularly, thus we further explored their levels in the culture medium. Consistent with previous reports [49, 50] , the secretion levels of MMP2/9 decreased dramatically upon MLN2238 treatment, particularly for MMP2, which plays an important role in tumour angiogenesis and metastasis [48] . Both endogenous and exocrine levels of MMP2/9 declined after MLN2238 treatment, potentially contributing to the attenuated invasion ability of the OS cells. To confirm the efficacy of MLN2238 in suppressing the distal metastasis ability of OS, in vivo metastasis assays are needed. We were unable to perform these assays due to the unavailable experimental conditions, which is a limitation of our study.
In summary, we suggest that the antitumour effects of the proteasome inhibitor MLN2238 in OS cells, involve cell cycle arrest, MOMP, mitochondrial-dependent and -independent apoptosis and attenuated invasion ability in both MG-63 and Saos-2 cells. Our study highlights that, as an anticancer agent, the proteasome inhibitor MLN2238 functioned well in OS cells in vitro, and the proteasome may be a novel biochemical target for OS treatment. Moreover, MLN9708 is orally bioavailable and is now in phase I and I/II clinical development making it more appropriate for further in vivo and clinical research for OS treatment.
